Introduction
The reactions of soluble transition metal compounds and common organic substrates that occurs with cleavage of C-H bonds and subsequent C-C bond formation find important applications in the synthesis of complex molecules.
1,2 Sulfurcontaining molecules such as thiophenes and the differently substituted thiophenes are the main sulfur-containing products in fossil materials. The study of their reactivity towards transition metal complexes has improved our knowledge of the mechanism of the hydrodesulfurization process (HDS) 3 and provided valuable information on the elementary steps of this complex transformation. C-H, and in some cases C-S bond rupture have been demonstrated. 4-9 In addition, important applications in various areas of chemistry 10 have resulted from these investigations.
As a continuation of previous studies on the activation of thiophene and methyl-substituted thiophenes by Tp Me2 Ir and Tp Me2 Rh-complexes, 11 we now discuss the complex reaction that occurs between Tp Me2 Ir(C 2 H 4 ) 2 , 1, and the sterically more demanding 2,5-dimethylthiophene (from now on represented by 2,5-Me 2 T). While thiophene (in short T) and 2-and 3-methylthiophenes (2-MeT and 3-MeT, respectively) undergo vinylic C-H activation when reacted with Tp Me2 Ir compounds 11a (Scheme 1), the bulkier 2,5-Me 2 T generates more elaborated reaction products that result from aliphatic and vinylic C-H activation, in some instances accompanied by C-C bond formation. A preliminary communication of this work has appeared.
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Results and discussion
Heating of a solution of 1 in hexane or cyclohexane converts it into its thermodynamically more stable hydride vinyl isomer, 13 † Electronic supplementary information (ESI) available: Experimental data for compounds 6b-d, 7, 8 and 15. See http://www.rsc.org/ suppdata/dt/b4/b419414d/ ‡ This work is respectfully dedicated to the memory of Dr Juan C. Del Amo (1975 Amo ( -2004 who was a victim of the March-11 tragedy in Madrid.
Scheme 1
Tp Me2 Ir(H)(CH=CH 2 )(C 2 H 4 ), 2. Since effecting the heating in aromatic hydrocarbon or ether solvents generates products of different nature resulting from C-H activation of the solvent, the activation of 2,5-Me 2 T was investigated, using either 1 or 2 as the starting reagents. As shown in Scheme 2, a complex reaction ensues and it gives rise to two hydride compounds, 3 and 4 in a ca. 1 : 1 ratio as the main organometallic products (more than 80% of the crude mixture). Light hydrocarbons, mostly ethane, ethene and isomers of butene are also evolved ( 1 H as well as GC analysis of the volatiles).
Complex 3 has been obtained previously albeit by a different reaction pathway.
11a Its formation requires the activation of only one C-H bond, namely one of the sp 2 C-H bonds of 2,5-Me 2 T. In contrast, that of 4 involves a more complex mechanistic pathway, as one sp 2 and one sp 3 C-H bonds must be broken and a new C-C bond must be formed. As can be seen in Scheme 2, complex 4 is a hydride and contains in addition one alkyl and one alkene termini that are part of an elaborated chelating hydrocarbyl ligand. Formally, this ligand derives from the coupling of a molecule of 2,5-Me 2 T and a vinyl fragment with loss of two hydrogen atoms. 1D and 2D NMR studies (see Experimental section) are in accord with the proposed formulation. . Only one of the stereoisomers that would result from the coordination of the two enantiotopic faces of the olefin is detected, the structure depicted in Scheme 2 being derived from the analysis of the NOESY spectrum (strong correlation peak between the H 2 C=C(H)-and Ir-H signals). As found for somewhat related compounds the observed isomer appears to be the more favourable on steric grounds.
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The complexity of the reaction route leading to 4 makes it difficult gaining reliable mechanistic information. Nevertheless, in view of the structure of 4, species B of Scheme 3 appears as a reasonable intermediate, for its conversion into 4 would require a simple sequence of two elementary steps, namely ethylene migratory insertion and b-H elimination. The insertion step is proposed to occur selectively into the Ir-C(sp 2 ) bond in view of the facility with which olefins and alkynes insert into electrophilic M-aryl bonds, 15 including those of metallacyclic fragments that have aryl and alkyl termini.
15d The resulting sixmembered metallacycle would rearrange readily into hydride 4. Intermediate B itself derives from the activation of one sp 2 to comparatively faster generation of E. We have not attempted to investigate this problem any further.
Isolated samples of compound 3 do not rearrange further under the reaction conditions, whereas more prolonged heating of the 3 + 4 reaction mixture, or the use of higher reaction temperatures, causes gradual formation of a new species 5 at the expense of 4. Accordingly, isolated samples of 4 transform quantitatively into 5 (eqn. (1)) when heated at 90
• C in neat 2,5-Me 2 T.
(1)
The molecular complexity of 5 was determined by X-ray crystallography and reported when this work was communicated.
12
NMR studies are in agreement with the solid-state structure. Thus, 1 H NMR spectroscopy reveals the presence of a hydride ligand (d −20.02 ppm) and of a single aromatic thiophenic proton (6.28 ppm). In addition, the thiophenic ligand is responsible for an AB quartet centered at 4.1 ppm, that can be attributed to the diastereotopic protons of the CH 2 unit that bridges the two thienyl rings. NOESY and 1 H-13 C heteronuclear correlation experiments permit an assignment of the 1 H and 13 C{ 1 H} resonances that is also coherent with the solid-state structure (see Experimental section).
While it is not easy to rationalize the formation of the chelating thiophenic ligand in 5, which results from the formal coupling of two thienyl moieties and a vinyl fragment, it seems reasonable that the first reaction step for the conversion represented in eqn. (1) is the migratory insertion of the olefin ligand into the Ir-H bond. In accord with this assumption, the interaction of 4 with different Lewis bases (eqn. (2)) yields adducts 6 that contain a metallacyclohexene moiety. The two iridium-bound methylene groups of 6 originate characteristic low-frequency 13 
On these grounds, it seems plausible that an adduct of type 6, containing a coordinated molecule of 2,5-Me 2 T, is the first product of the reaction of 4 and the substituted thiophene. The same holds for the analogous reaction between 4 and thiophene, but interestingly in this case 4 converts into the known 11a bis(thienyl) compound represented in eqn. (3), with liberation of 2,5-dimethyl-3-ethylthiophene. The latter results may be explained assuming the step-wise, vinylic activation of two molecules of thiophene by 4, but due to its complex nature the generation of 5 according to eqn. (1) can only be approached in a very broad and general manner, assuming that it is the consequence of two C-H activation and one C-C bond-forming steps. Not unexpectedly in view of its chelate and sterically encumbered nature, compound 5 is inert toward displacement of the neutral sulfur donor atom by Lewis bases (no reaction with an excess of PMe 3 , 120
• C, 3 days). Notwithstanding, as discussed in the following paragraphs, the reaction with protic acids allows detachment of the organic thiophenic entity. We have considered it of interest to study the reactions of compounds 3-5 with acids, since different reaction outcomes may be anticipated for the protonation of their Ir-C(alkyl) or Ir-C(thienyl) bonds. For comparative purposes, related thienyl derivatives have also been investigated and in all cases the strong protic acid [H(OEt 2 ) 2 ][BAr 4 ], has been employed (Ar = 3,5-C 6 H 3 (CF 3 ) 2 ).
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One of the simplest reactions investigated is the protonation of the hydride thienyl 3, which occurs according to eqn. (4) (4)).
Although the formation of 7 and 8 could be viewed as the result of the direct protonation of the Ir-C(thienyl) bond of the corresponding precursors, the well-known tendency of late transition metal alkenyls to undergo protonation at the b-carbon to yield cationic alkylidene species 14a,17,18 suggests that a less simple reaction pathway could be operative. To confirm this possibility the thienyl complex Tp Me2 Ir(H)(2-SC 4 H 3 )(PMe 3 ) 11a was protonated at −70 • C (Scheme 4). A cationic Fischertype carbene complex, 9, is formed as a mixture of two rotamers (ca. 5 : 1 ratio). At room temperature it evolves over a period of several hours, to give the cationic hydride 10, but the rearrangement is sufficiently slow to allow full solution characterization by NMR methods at 0
• C. Apart from other NMR data collected in the Experimental section the carbene carbon is responsible for the 13 C{ 1 H} resonance located at d 259.7 ppm (major rotamer, 2 J CP = 9 Hz) whereas the Ir-H functionality resonates at −18.47 ppm in the 1 H NMR spectrum.
Scheme 4
Taking these results into account it seems probable that the protonations represented in eqn. (4) may proceed by a similar route to yield cationic hydride carbenes that rearrange by means of a 1,2-H shift from iridium to the carbene carbon, followed by b-H elimination. Somewhat similar results have been reported for the rhenium complex (g 5 -C 5 H 5 )Re(2-SC 4 H 3 )(NO)(PPh 3 ),
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but in other instances different mechanistic pathways have been suggested.
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The Ir-C(alkyl) bond of compound 4 undergoes direct protonolysis to provide the cationic olefin derivative 11 (eqn. (5)). If a Lewis base is not deliberately added, the sixth coordination position of the metal is occupied by a molecule of adventitious water. This is actually a relatively common observation in our work with these iridium systems that exhibits moderate stability towards air even in solution. Despite the cationic nature of 11, displacement of the olefin terminus of the thiophenic ligand is not facile because the addition of a Lewis base induces also the migration of the hydride ligand onto the olefin and formation of an alkyl complex, as represented in eqn. (6) for the reaction with NCMe.
(5) (6) Finally, the protonation of the heterometallacyclic compound 5 has been investigated, with the results summarized in Scheme 5. As expected, the reaction gives initially an alkylidene complex 13 (Ir=CR 2 at d 252 ppm in the 13 C{ 1 H} NMR spectrum) that contains a hydride ligand in a position adjacent to the carbene. Hence, 13 rearranges into 14 by means of migratory insertion and b-H elimination. Effecting the protonation in NCMe allows isolation of adduct 15, that contains a coordinated molecule of the nitrile, and the heating of either 14 or 15 in NCMe at 80
• C (Scheme 6) permits liberation of the dithiophenic neutral ligand.
Scheme 5
In summary, at variance with the activation of T, 2-MeT and 3-MeT by Tp Me2 Ir(C 2 H 4 ) 2 , 11a the sterically more demanding 2,5-Me 2 T reacts with Tp Me2 Ir(C 2 H 4 ) 2 in a more complex manner to afford unexpected derivatives that result from aliphatic and vinylic C-H activation as well as from C-C bond formation. The observed generation of coupled thiophenes may be of interest regarding the observation of complex thiophenic molecules in the course of the HDS process.
3 Moreover, as Scheme 4 shows, transition metal catalysis under acidic conditions could give rise to very reactive metal-thiophenic carbenes. 
Compounds 3 and 4
The bis(ethylene) compound Tp Me2 Ir(C 2 H 4 ) 2 (0.10 g, 0.173 mmol) was dissolved in a mixture (1 mL, 1 : 2) of freshly distilled 2,5-dimethylthiophene and cyclohexane. The solution was stirred for 8 h at 60
• C, and the solvent evaporated under vacuum. NMR monitoring of the crude product reveals a ca. 1 : 1 mixture of 3 and 4. The excess of 2,5-Me 2 T was eliminated by successive addition of pentane and subsequent evaporation (8 mL, 3×). Addition of Et 2 O (3 mL) and pentane (1 mL), filtration and cooling overnight to −20
• C provided 4 as a pale brown solid (0.035 g, 30% yield). The resulting mother-liquors were evaporated to dryness in vacuo and a mixture (4 mL) of Et 2 O-pentane (1 : 1) was added, and the solution cooled to −20
• C, to yield 3 as a brown solid (0.035 g, 28% yield). Identical results are obtained when the Ir(III) compound 2 is employed as the starting material. Compound 3 can be prepared alternatively as described in ref. 9a , where the spectroscopic and analytical data are also reported. (Me th ), 13.7, 13.3, 13.0, 12.3, 12.1, 12.1 (Me pz 
Compound 5
Compound 4 (0.08 g, 0.12 mmol) was dissolved in freshly distilled 2,5-Me 2 T (2 mL) and the solution stirred 24 h at 85 • C. After this period of time, the solvent was evaporated under reduced pressure, pentane added (5 mL) and the mixture stirred vigorously for a few minutes. The solid obtained was separated by filtration and dissolved in a mixture (8 mL) of Et 2 O-pentane (6 : 2). The solution was cooled to −20
• C to yield compound 5 as a pale green microcrystalline solid (90% yield). This material can be recrystallized by the slow diffusion of MeOH (1 mL) into a solution in CH 2 Cl 2 (4 mL), at room temperature. In this way, monocrystals appropriate for X-ray diffraction were obtained (0.06 g, 70% 
Compound 6a
Compound 4 (0.10 g, 0.16 mmol) was dissolved in acetonitrile (15 mL) and the mixture heated at 90
• C for 3 h, after which time a pale brown solution was formed. The solvent was eliminated under reduced pressure and the residue washed with pentane and dried in vacuo, to yield the title compound in almost quantitative yield. IR (Nujol): m(NC) 2280 cm 1, 14.5, 13.6, 13.4, 12.7, 12.2, 12 .1 (Me pz and Me th ), 1.2 (NCMe), −10.9, −14.3 (IrCH 2 ). Anal. Calc. for C 25 H 35 BN 7 SIr: C, 44.8; H, 5.2; N, 14.6. Found: C, 44.6; H, 5.2; N, 14.2%.
Compound 9
A mixture of complex Tp Me2 IrH(2-C 4 H 3 S)(PMe 3 ) (0.01 g, 0.015 mmol) and the acid [H(OEt 2 ) 2 ][(3,5-(F 3 C) 2 C 6 H 3 ) 4 B] (0.016 g, 0.015 mmol) was dissolved in CH 2 Cl 2 (10 mL) cooled to −70
• C, a yellow color being observed. After 10 min, the solution was slowly warmed to room temperature, and after 10 min stirring the solvent was evaporated under reduced pressure, petroleum ether (bp = 40-60
• C) was added (15 mL) and the mixture stirred vigorously for a few minutes, inducing the precipitation of compound 9 as a yellow powder, in almost quantitative yield. If the solution of this compound is maintained at room temperature for 15 h, it transforms quantitatively into compound 10. CDCl 3 solutions of compound 9 contain a thermodynamic mixture of two rotamers in a 5 : 1 ratio. 155.0, 152.7 (SCHCH), 152.7, 150.3, 150.0, 147.3, 146.0, 145.0 (C qpz 17.0, 16.4, 14.4, 12.7, 12.7, 12.6 (Me pz PSIr: C, 42.8; H, 3.1; N, 5.5. Found: C, 42.9; H, 2.9 ; N, 5.7%.
Compound 10
As mentioned above, compound 9 slowly evolves in solution to compound 10 at room temperature. The transformation is complete after 15 h at 25 • C, with the formation of a brown solution. After 10 min the mixture is slowly warmed to room temperature and stirred for 1 h. The solvent was evaporated under vacuo, petroleum ether (bp = 40-60
• C) (15 mL) was added, and the suspension cooled to −70
• C and stirred to provide a brown powder, which was filtered and washed with petroleum ether (5 mL) and dried in vacuo. Compound 11 is isolated in high yields (0.027 g, 90% 
Compound 12
Compound 11 (0.05 g, 0.03 mmol) was dissolved in acetonitrile (10 mL) and the resulting solution was stirred for 20 h at 80
• C. The solvent was then evaporated under reduced pressure and pentane (10 mL) was added. After cooling down to −70
• C and stirring vigorously for a few minutes, the solid formed was separated by filtration and washed with petroleum ether (bp = 40-60
• C) (5 mL) and dried in vacuo. Compound 12 was isolated as a brown microcrystalline solid (0.04 g, 75% Ir=C) . Due to the complexity of the spectrum and the low ratio signal/noise, the remaining resonances were not assigned.
Compound 14
A mixture of compound 5 (0.008 g, 0.010 mmol) and the acid [H(OEt 2 ) 2 ][(3,5-(F 3 C) 2 C 6 H 3 ) 4 B] (0.011 g, 0.010 mmol) was dissolved in CH 2 Cl 2 (5 mL) at −70
• C. After 10 min stirring, the cold bath was removed and the sample allowed to warm to room temperature. After 20 min stirring under these conditions, the solvent was evaporated to dryness, pentane added (10 mL) and the mixture cooled again to −70
• C and stirred. 4, 151.7, 150.3, 146.2, 145.7, 145.4 (C qpz ), 145.5, 142.3, 139.1, 137.6, 135.0, 134.0 (C qth ), 132.3, 127.8 (CH th ), 107.9, 107.0, 106.8 (CH pz ), 25.9 (CH 2 Me), 22.9 (CH 2 ), 14.9, 14.8, 13.9, 13.7, 13.3, 13.1, 12.7, 12.6, 12.4, 12. Ir: C, 45.7; H, 3.4; N, 5.2. Found: C, 46.3; H, 3.4; N, 5.2%. 
